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ABSTRACT 
A detection method, using ionisation sensors and a digital 
storage oscilloscope, was developed to measure flame speeds in a 
51 mm 1.0. mild steel pipe. Using a spark ignition, the system 
could only measure slow flames due to premature triggering of the 
oscilloscope by the spark. Flame speeds of 99 ms-1 and 145 ms-1 
for 1.45 m and 2.45 m run-up lengths were recorded. It was poss-
ible to record faster flame speeds using a fuse ignition. Flame 
speeds from 209 ms- 1 for a 1.45 m run-up to 909 ms- 1 for a 4.95 m 
run'-up in 0.50 m increments were recorded. It was found that the 
flame speed was exponentially dependent upon the run-up length as 
the expression V = 10 exp ( 0.1912 L + 1.9940 ) where V is the 
flame speed in ms-1 and L the run-up length in m. Flame speeds 
after orifice plates were examined. The flame speed was found to 
have significantly increased beyond the expected values for 0.45 m 
after the orifice plate, but the flame speed 1.45 m downstream of 
the orifice plate was in accordance with predicted values. It was 
concluded that the increase in flame speed ~/as a temporary effect. 
Flame speeds 0.45 m after run-up lengths of 1.00 m, 2.00 m, and 3.00 
m to a bend were studied. The flaree speed increased significantly 
for the 2.00 m run-up length, but no enhancement was found for the 
other run-up 1 engths. No concl us ion about the effect of bends coul d 
be drawn due to the small nureber of data. 
i 
i i 
Has mich nicht umbringt, macht mich starker. 
Nietzsche.(1844-1900) 
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INTRODUCTION 
In the chemical process industries, the conveying of combustible 
mixtures through pipes is common. Ignition of these mixtures can 
result in def1agrations or detonations running along the pipe to a 
disasterous result. Obviously, the prevention of such hazards is a 
priority in design. 
The usual remedy is the use of in line flame arrestors. These 
arrestors operate on the principle of quenching the flame through 
reducing the flame temperature below that necessary to maintain the 
combustion reaction. This temperature reduction is accomplished in 
many cases by passing the combustible mixture through a metal matrix 
which acts as a heat sink. The exact geometry of the matrix varies 
from arrestor to arrestor. 
However, the performance of such flame arrestors is dependent 
on the composition of the combustible mixture and in turn on the 
! 
velocity at which the mixture flows through the arrestor and the 
quenching distance of the mixture. The quenching distance is the 
given distance at which the heat loss to the surrounding passage, 
through the arrestor, is sufficient to quench the flame. The flame 
velocity and the quenching distance together determine the contact 
time for the flame moving through the arrestor. This residence 
time determines if the flame is extinguished or not. A given 
arrestor may function for one flame speed only to fail for a more 
rapid flame. 
The velocity of a flame in a pipe is dependent upon many 
factors including gas temperature, and as previously noted, compos-
ition, pipe geometry, and arrestor placement. Herein, an attempt 
is made to qualify and quantify the effects of runup length, orifices 
of various blockages, and pipe bends while holding other variables 
constant. 
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THEORETICAL BACKGROUND 
Flammable gases are grouped according to reactivity and ease 
of ignition (1). In order of increasing reactivity the four groups 
are : Group I whose only member is methane; Group IIA ~!hi ch i ncl udes 
some alkanes, propane being taken as typical of these; Group lIB 
which includes some alkenes, ethers, and unsaturated hydrocarbons, 
ethylene being taken as typical of these; Group IIC which includes 
. hydrogen and acetylene. The flammability.li~its for these .have been 
extensively studied (2,3). The effect of pressure on flame propa-
gation has been considered (4) and it has been found that lower 
pressures inhibit flame propagation for "lean" fuel-air mixtures, 
due to vessel wall quenching of the flame. The effects of confine-
ment wi thin tubes on the fl ammabil i ty. and detonati on 1 imi ts have 
been studied (5) and it was discovered that these were, in many 
cases, lower, for the mi xtures with; n tubes than for the unconf; ned 
, 
mixtur,es. 
In speaking of flames, it is prudent to define terminology 
before embarking on discussion. The absolute velocity of a flame 
relative to the surrounding gas is termed the flame velocity. There 
are blo types of flame velocity defined - turbulent anc laminar. 
The flame speed is the net velocity of a propagating flame. 
Hhen a flame propagates, it heats the product gases ~Ihich then 
expand. This expansion pushes the flame along with it. Thus, the 
flame speed can be far in excess of the flame velocity. 
The flaffie speed and flame velocity can be related by the 
following expression (6) 
Pu 
V = ( pb - 1)5 EQN 2.1 
-4-
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where S is the flame speed, Pu and Pb the unburnt and burnt gas 
densities, and V the flame velocity. 
Normally, in the discussion of flames there is a demarkation 
made. Flames whose speed is greater than sonic are termed detona-
tions, those lesser than sonic are called deflagrations. The 
physical mechanisms by which each propagate are markedly different. 
There are transitions between deflagration and detonation where 
some features are common. 
Within pipes, the situation is rendered more complex by the ' 
pipe walls which confine the deflagration or detonation. In a pipe 
closed at one end, with ignition at that end, the propagating flame 
is focused so that it moves toward the open end. 
As mentioned earlier, the combustion heats the gases and thus 
expands them. This expansion has an upper limit which is determined 
by the enthalpy of combustion for the mixture and the physico-
chemical parameters of the gases. Given these and the physical 
parameters of a confining pipe, the nalve researcher might imagine 
that a prediction of the flame speed would be relatively simple. 
It is not. 
Steen and Schampel (7) recently observed that a reliable 
theoretical model for the run-up processes of deflagration/deton-
ation in pipes is not yet available. Andrews et al (8) make a 
similar statement. A number of papers have appeared discussing the 
general cases of flame propagation and kinetics and more specific-' 
ally that of premixed turbulent flames (8, 11-14). Some theoretical 
studies have been made of deflagration/detonation in pipes and ducts 
(16,17,18), but these are of limited applicability. These models 
are 'highly theoretical. 
A number of experimental studies have been made of flame prop-
agation in pipes. The object of many of these has been to find the 
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detonation induction distance - the distance over which a flame 
must propagate to reach sonic velocity (7 ,18).I!'ost of the papers 
in this area have dealt with the development of detonation in 
hydrogen-air or oxygen mixtures (19-23). 
However, a few tests have been in reference to the· flame speeds 
of Group IIA gases, usually propane (7,24,25). Steen and Schampel 
(7) studied the effects of pipe diameter on the detonation induction 
distance, and the effects of composition upon detonation induction 
distance for a single pipe diameter. Rogowski (24) provided a 
graph for flame speeds in closed end pipes, but ~/ith ignition from 
the open end of the pipe. The Fire Research Station (25) tested 
with two different ignition sources at the closed end of a pipe" 
with a 4.65 m run-up length. 
It has been observed that flames accelerate ~!ith running dist-
ance in a pipe (24). The reason put forward by many researchers is 
that turbulence in the flow enhances the flame propagation (6,8, 26-
28).· Andrews et al (8) provide an excellent review and discussion 
of the 1 iterature up to 1974. !~ore recently, Hagner (6) has made a 
study of flame acceleration. 
Andrews et al comment that there are two main categories of 
models for turbulent flame propagation - large and small scale eddy 
transport. In large scale eddy transport, the propagation is due 
to turbulent mixing of the burnt and unburnt gases follovled by 
spontaneous ignition. In small scale eddies, the propagation takes 
place through a mixing of hot and cool gas which must remain mixed 
for some characteristic chemical induction time. These similar 
processes are difficult to model as the turbulent structure of the 
gases is not well known. 
It can be seen that the large scale eddies, or macro-turbulence, 
can distort the shape of the leading front of the flame. This 
-6-
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stretching and swirling greatly increases the surface area of the 
flame. r·ioen et a1 (28) postulate that flame velocities are depend-
ent upon the surface area of the flame. This point has a certain 
logic to it. 
It is almost axiomatic in Chemistry that the rates of chemical 
reactio~s are strongly dependent upon the surface area of the react-
,ants, Greater surface areas increase the reaction rate. However, 
in the case of a flame propagating, not only reaction rates are 
considered, but also the rates of heat transfer and fluid flow. As 
an additional complication, these rates are interactive. 
Basic models of heat transfer assert that the rate of heat 
transfer is linearly dependent upon the surface area over which the 
heat transfer takes place. It is further knowr: that at a character-
istic temperature for the mixture, the gases will spontaneously 
ignite. Change in temperature to this auto-ignition point is 
directly re1a~ed to the heat transfer. 
Therefore, as a qualification, it can be theorised that the 
increased surface area caused through macro-turbulence can enhance 
flame propagation through increased heat transfer and reaction rates. 
It is important to note that the latter statement is a quali-
fication rather than an attempt at quantification as the highly 
complex natures of chemical reaction, heat transfer, and fluid 
flow preclude a general model which works to any satisfaction. 
Andrews et al point out that micro-turbulence could increase 
flame propagation through some non-hydro-dynamic process which is 
reliant upon the reaction kinetics in the presence of disstpative 
eddies. However, they assert that experimental data to support 
this are inconclusive. 
Hagner (6) studies the enhancement of flame velocities based 
on transport coefficients and reaction zone parameters. He then 
-7-
shows dependencies of these flame velocities on temperature and 
pressure and then relates these altered velocities to the flame 
speed. He, too, states that the theoretical models extant are 
inadequate to properly describe the changes in flame velocities 
and speeds. 
If then, the flame itself has accelerative effects, what are 
the effects of turbulence producing obstacles for the flame? There 
are suprisingly fel" papers in the literature relating to this point. 
Cubbage (29) discussed the effects of elbows, bends, tee-joints 
and changes in cross-sectional area on detonation velocities, and 
the induction distances associated with these pipe appertenences. 
His work was ~,ith to\~n gas-air mixtures. Town gas was a previously 
used industrial gas, replaced by natural gas or methane. It was 
predominantly hydrogen, carbon monoxide, and methane. Town gas 
is considered a Group lIB gas. 
Cubbagei found that the characteristic detonation velocity was 
the same in the bends, elbows, and tees, but that there was a con-
siderable loss of velocity through these fittings. He found that 
the flame speed dropped with an increase in cross-sectional area 
but accelerated to the characteristic detonation velocity for the 
larger pipe. 
Hoen et al (28) considered flame acceleration produced by 
obstacles in acyl indricaJ" geometry. They ignited a methane-air 
mixture at the centre of acyl indriCal' vessel, open at the outside 
edges, and studied the radial propagation of flames with obstacles 
of various geometries. r'~oen et al posit that the turbulence caused 
by obstacles increases the flame speed but that the effect is trans-
itory and unstable. They postulate that continued obstacles are 
necessary to maintain the higher flame speeds. 
Bauman et al (22) believe that there are negligible \~all effects 
-8-
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on flame speed with tubes of greater than one centimetre. Their 
studies concerned the development of detonation of hydrogen-oxygen 
mixtures in Plexiglas tubes of various diameters. 
Ryabanin (18) considers that turbulent combustion·in a rough 
walled tube is unstable and states that the propagation is rapid 
non-steady combustion. Utilising both experimental data and theor-
etical predictions, he contends that the velocity of detonation in 
rough walled tubes is considerably lower than that for smooth tubes . 
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EXPERmENTAL APPARATUS 
The apparatus reported herein was a deve19pment of the apparatus 
reported in Ref. 30. The test rig ~Ias substantially redesigned and 
rebuilt by the author. 
The apparatus consisted of a pipe into which the combustion 
mixture was introduced. One end of the pipe was closed and the 
quiescent mixture ignited at the closed end. The flame ran down 
the pipe to an in line flame arrestor at the end of the pipe and 
was then exhausted. A schematic diagram can be seen in Figure 3.1 
The pipe used for the tests ~Ias 51 nm internal diar.1eter mild 
steel pipe divided into five sections joined by flanges. Three 
removable sections of 0.50 m, 1.00 m, and 2.00 m could be added or 
removed to vary the run-up length. Two sections ~Iere not removable 
- the 1.00 m initial section into which the feed gases flowed and 
the 0.65 m:section immediately before the flame arrestor. 
,Pipe gland fittings of J," BSP size for the ionisation sensors 
to fit through were located 19 cm and 39 cm from the ignition end 
of the 1.00 m section and 35 cm and 55 cm from the beginning of the 
0.65 m section. 
All flanges were sealed by rubber gaskets held between the 
• 
fl anges. 
The flame arrestors used were manufactured by Amal Ltd with a 
cri~ped metal ribbon design. One was located in line to the feed 
gases for the prevention of flame blowback and the other at the end 
of the run-up length of test pipe. 
The gas used for testing ~Ias propane, a typical example of 
Group IIA gases (24). The gas was 95% propane with 5% hydrocarbons. 
The air used was taken from the compressed air supply of the 
Unjversity and the pressure reduced to working levels. 
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EQUIPMENT SCHEMATIC 
51 52 
GV 
WI 
FAl 
SV 
FA1 Flame arrestor one 
FA2 Flame arrestor two 
53 54 
PT 
FV Needle valves for fine flow control 
GV Globe valve 
I Ignition point 
NV Non-return valve 
P Pressure gauge 
PT Pressure transducer 
R1 Air rotameter 
. R2 Fue 1 rotameter 
S1 S2 Sensor set one 
S3 54 Sensor set two 
V1 Shut-off valve 
V2 Shut-off valve 
Figure 3.1 
FA2 
I 
..... 
..... 
I 
The gases were metered through Fischer Controls Ltd. rotameters 
~lith propane fl0\1s of 0.00 to 1.20 L min-1 and air flows of 0.0 to 
15.0 L min- 1. 
The four orifice plates used were 1/8" steel with a bevelled 
leading edge. The diameter of each orifice was measured in four 
places with ~icrometer and the w.ean average of these considered 
the effective diameter. The mean average diameters were 4.832 cm, 
4.349 cm, 3.945 cm, and 3.581 cm. These orifice plates were then 
designated Orifice Plate 1, Orifice Plate 2, Orifice Plate 3 and 
Orifice Plate 4, respectively. 
The pipe bend used had an internal centre line length of 30 
cm. The bend had a radius of 7.5 cm. Both ends of the bend were 
fitted with flanges. 
A Kistler 6121 high-ter.lperature pressure transducer ~Ias located 
10 cm before the flame arrestor. It was used infrequently as the 
di gita 1 storage osci 11 oscope had only t\'IC channels and therefore 
could not be used to time flame speeds and study pressure changes at 
the same time. 
The ionisation sensors were two lengths of 1/8" silver steel 
rod held in a l-," BSP pipe gland fitting by an epoxy resin. The 
parallel steel rods were separated by a distance of 1 mm. The out-
side ends of the rods were fitted with electrical push connectors. 
The outside of the fitting was surrounded by an earthed shield. A 
scale drawing of an ionisation sensor can be seen in Figure 3.2 
The cable connecting the sensors to the detector was shielded 
two conductor cable. 
The fuse ~Ias held in a fuse holder, a modified spark plug, 
which scre~led into the end of the pipe. The fuse holder had a 
rubber sleeve through which the ignition wires fitted. The rubber 
sleeve was compressed by an Allen screw to prevent gas leakage. 
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The front of the holder had a cavity into which the fuse nestled. 
In order to prevent possible flashback through the feed mixture 
certain precautions were taken. After passing through the rotameters, 
the gases passed through la" copper tube into a tee junction and 
from there through a solenoid valve. This solenoid valve only 
opened ~:hen the operator hele! his finger on the control, and the 
valve closed ~/hen the button was not depressed. 
After the solenoid valve, the gases passed through 3/4" mild 
steel pipe and through the flame arrestor, then a non-return valve 
and a manual globe valve and thence into the test pipe. 
The ignition was accomplished at the closed end of the pipe 
(Fi gure 3.1) ~/here a ho 1 e in the end p 1 a te was threaded to accept 
a spark plug. 
Two types of ignition ~/ere used - a standard spark plug and 
Nobel igniferous fuses. The fuse ~/as ignited by a 12V supply. 
Spark plug ignition was abandoned for reasons discussed in Detection 
Process. , 
The control of the solenoid systems was within a unit fabric~ 
ated in the Chemical Engineering Department. The ignition system 
had a key locking control which denied use of the system to unauth-
orised users, (Figure C 2). 
Experimentation of this type must be carefully considered so 
that any hazard is minimised. Dealing with deflagrations and deton-
ations requires a care not always needed in other lines of research. 
To this end, the equipment was so designed. 
The feed mixture of propane and air has the potential of ignit-
ing and propagating backward through the feed line. To disallow 
this possibility the globe valve was closed manually before each 
test. Even if it was left open, there was the series of non-return 
valve, flame arrestor, and solenoid valve to stop the flame propaga-
-15-
tion. This multiply redundant system lowers the probability of 
flashback to reasonable levels. 
To prevent the unauthorised user from accident, the ignition 
system required Q key to arm it. Additionally, the control box 
was locked within a cabinet when not in use. This also prevents 
any person from filling the test pipe with a combustible mixture 
as the solenoid valve is inaccessible. 
To keep bystanders from possible injury or from a shock by 
the loud noise of the test, the area around the apparatus was 
posted with large signs ~Iarning that the area is a flame arrestor 
test area and that tests with flammable vapours take place in the 
area. 
-16-
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DETECTION PROCESS 
The initial design for the detection of flame speeds arose 
from (30) •. Based on information from the Fire Research Station, a 
detection process using ionisation detection was conceived. A 
detailed explanation can be found in (30). 
Simply described, the design was as follows. A five volt 
potentia" ~taS to be maintained across parallel steel rods separated 
.by. 0.4 mm. The ionisation created by a flame would cause a current 
to run between the electrodes, thus changing the potential. This 
change in potential, estimated to be of the order of millivolts, ~Ias 
then to be amplified and passed through a variable comparator. The 
comparator was to be set at such a level to discriminate background 
noise from the desired signal. The comparator ~Iould then provide 
a 5V TTL pulse which would start a high resolution electronic timer. 
The identical process occurring at a sensor at a set distance 
downstream would in turn stop the electronic timer. Knowing the 
distance and the time to traverse the distance, the average velocity 
over that distance could then be calculated •. 
This design, shown in Figure Cl, used high speed switching 
transistors, and comparators. capable of differentiating times of 
less than 100 ~s. 
Upon testi ng, it ~Ias found that read i ngs ~Iere not in any way 
repeatable and seemed to change in a random manner. The comparators 
were adjusted repeatedly to screen out ~Ihatever noise was acting 
upon the system and triggering it. This proved to be a fruitless 
effort. 
The system was tested extensively with and \'Iithout combustion. 
Gradually, it becawe apparent that two types of noise were trigger-
ing the timing circuits - noise from the spark plug used for ignition 
-17-
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and electrical mains noise. 
The spark plug employed a 20 kV spark for ignition of the mix-
ture. This high voltage discharge created a tremendous level of 
electrical noise. Various methods of screening out this were 
attempted. 
The earthing, or grounding, of the system was altered to pre-
vent the occuoznce of a ground loop where electrical noise could be 
picked up or created. First, the sensors were removed from the 
-18-
common earth and earthed separately. This was \~ithout useful effect. 
The pipe was then removed from the COImlon earth and earthed: separate.ly. 
This was also without effect. 
It was found that that the timers l"iOuld trigger even if the 
sensors were not attached to the ampl ifier and Cornpar.ator:'cirtui:ts'. 
Therefore, it was decided that the noise ~/as airborne and could 
possibly be screened. 
The high, voltage ignition system vias then housed within a 
separat~ly earthed steel case without any change in the noise level. 
The sensors were attached to a storage oscilloscope vlithout 
any amplification. It Vias found that a measurable signal could be 
derived when the spark plug fired. 
Therefore, the noise was both airborne and cableborne within 
the detection system. As the use of a spark pl ug created this 
noise, perhaps another ignition source could be utilised. 
It was decided to use igniferous fuses to ignite the gas mixt-
ure in the pipe. When this was attempted, the results were still 
quite random. Obviously, some other source of noise Vias triggering 
the timers and/or the amplifier and comparator circuits. Again, 
adjustment of the comparator to eliminate the noise effects was 
attempted. Again, this proved a failure. 
A decoupling transformer was obtained and the entire apparatus 
,-
if I 
!I 
11 
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powered through this. 
the timers spuriously. 
The noise persisted. stopping and starting 
Tests \~ere then done with the comparators removed from two 
circuits. Figure 4.1 shows the record of two signals found from 
this test. Both are essentially identical. Therefore. the 5 V 
supply with amplifier circuit could not differentiate the signal 
from the noi se. 
Coincidentally to the testing of this detection process. a 
literature survey was conducted to obtain information on detection 
of flame speeds using ionisation detectors. 
The earliest paper on the subject of Calcote (31) in 1949. He 
detailed the use of an oscillation circuit for detecting the change 
in impedence in a Pyrex tube with two coils wound around it. Calcote 
further suggests using two aluminum foil electrodes wrapped around 
the outside of the Pyrex tube to detect a change in capacitance. 
Unfort~nately. neither of these ingenious schemes could be 
used IJith existing experimental rig as the pipe was steel and would 
block the use of the detectors on the outside of the pipe. 
Knight and Duff (32) and Hecht et al (33) proposed nearly 
identical detection processes. Stainless steel electrodes were 
inserted into the test pipe. The flame ionised the gaps between 
the electrodes and caused a pulse to be exhibited on an oscilloscope. 
Each group accomplished the pulse effect differently. Knight and 
Duff did it by using the discharge of a capacitor charged to 300 V. 
Hecht et al used a thyratron. a "one shot device". to create the 
pulse. Both claimed high resolutions in the timing of hydr0gen-
oxygen detonation velocities. 
To use either of these techniques would have necessitated 
large expenditures of time and money. these costs to be avoided 
~Ihere possible. Also. Hecht et al 's design required the use of high 
I 
I , 
i 
I 
, " 
"T"J 
~. 
ID, 
c:: 
., 
et> 
..,. . 
.... 
. tEST WITHOUT COMPARATOR· 
'-"-"." .. ' - .. -~ -._,. 
--. ~. 
-. ___ ~ - - . -_ .. :c~ - _ - ..;:~:, - ". _.:. ____ =_ ....:-- . - -- .. --
I 
N 
o 
I 
.., 
~. 
<0 
c: 
.., 
CD 
... 
. 
N EXAMPLE OF DETECTION PROCESS . 
SCALE n:100 , 
N 
.... , 
voltage tubes, or valves, not used commonly today. 
A hybrid design using available equipment was conceived. A 30 
V power supply would be placed in series with a sensor and an 
oscilloscope. An oscilloscope with the necessary flexibility was 
chosen - the Gould Advance OS4000 Digital Storage Oscilloscope with 
pre-trigger recording, a variable timebase and a hard copy output to 
an X-V plotter. 
The pre-trigger recording facility allowed the use of the 
signal from the first sensor to trigger the oscilloscope. Each 
sensor 11as attached to an independent pO~/er supply and separate 
channel of the oscilloscope to prevent any interaction between the 
sensors. 
The variable timebase allo~led better study of the signals using 
a 10:1 expansion of the display on the oscilloscope screen. 
The use of hard copies on paper of the signals minimised the 
error in "reading" an oscilloscope screen and ~las far less expensive 
than photographing the oscilloscope screen. Furthermore, a timebase 
could be printed on each test result using the ultra stable cal-
ibration circuits of the oscilloscope (1kHz signal). 
The signals generated by the flame v/ere detected using the 
alternating current base for each channel. Changes of up to 20 V 
were observed. The point at which the flame passed through the 
sensor was readily apparent (Figure 4.2). 
Hhen tests were attempted with this detection process using 
spark plug ignition, it was found that the large noise signal pro-
duced by the high voltage spark prematurely triggered the oscillo-
scope. This premature triggering meant that only very slow time-
bases could be used or the signals from the sensors would not be 
displayed on the oscilloscope screen. Some tests could be made for 
short ru~p lengths and the slower flame speeds associated with 
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them but no others as the time between sensor signals could not be 
distinguished. It was decided to use fuse ignition and not spark 
ignition due to this and time limitations. 
~ , I 
, , 
:!i i 
: :1, I 
'. 'I I 
!i 
EXPERIMENTAL PROCEDURE 
In an area of research fraught with the potential danger of an 
explosion, it is vital that a failsafe procedure be utilised. Quite 
often such a procedure is only used until familiarity breeds its 
inevitable contempt. The end result of such thinking is an accident, 
usually harmless, but extremely sobering. With this in mind, the 
following procedure was arrived at and rigorously followed. 
The fuse was carefully placed in the fuse holder and the fuse 
holder then screwed into the pipe. The electrical connections for 
the fuse were not connected at this time. 
The air supply and fuel supply were then checked to see whether 
the operational pressure was present. All valves with the exception 
of the solenoid valve were then opened. 
The solenoid valve was then triggered and the flowrates of fuel 
and air set to ~he appropriate levels ( 14.5 L r.1in-1 air and 0.65 L 
min-1 propane) and the pipe filled for a period ten times the 
residence time of the pipe. At that point, the solenoid valve 
~Ias closed. 
The shut-off valves for the air and propane were closed. The 
manual globe valve was then closed. 
The area around the apparatus was then carefully checked for 
any bystanders who were warned to leave the area and there would be 
a loud noise shortly. Ear protectors were then put on by the oper-
ator. 
The trigger circuit of the oscilloscope was then armed and it 
was checked that the oscilloscope Vias operating on the correct time 
base. 
The globe valve was then checked for closure. 
The connections of the fuse Here attached to the output terminals 
-24-
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of the fire control. 
The key was placed in the ignition circuit and the area around 
the experimental apparatus checked again for bystanders who were 
warned that firing was imminent. 
The "fire" button ~/as then pressed. After the ignition, the 
key vias removed from the ignition system. 
The trace on the oscilloscope screen was then outputted onto 
the X-Y plotter-recorder. A timebase of 1 kHz from the calibration 
ci rcuit of the oscilloscope ~/as printed across the bottom of the 
page with the signals from the two sensors. 
The pipe \~as then purged for ten residence times with the air 
and the procedure repeated from the beginning. 
The procedure was repeated a number of times for each configur-
ation of the apparatus. 
Changes in pipe rul'l1.lp length vlere accomplished by the addition or 
subtraction of ~ections of pipe which were easily detached and 
reattached by the flanges. 
Uses of bends or orifice plates vias similarly accomplished. 
In use, it IJas found that a film of carbo.n black deposited on 
the ionisation sensors after a number of firings. To prevent this 
coating from becoming too thick, the sensors were removed and 
cleaned frequently. 
-25-
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DISCUSSION OF RESULTS 
A. General Comments 
All velocities discussed herein are flame speeds. That is, 
the net velocity of a flame with respect to a stationary observer, 
and not the absolute velocity at which a flame propagates relative 
to the unburnt gases. 
The measurement of the flame speeds was accomplished by two 
sensors separated by 0.20 m. The velocity measured is therefore 
the average velocity over that distance. All run-up lengths to 
the measurement are taken as from the ignition to the midpoint 
between the sensors. 
All tests were made using a 4.3% v/v propane-air mixture, 
considered typical of Group IIA gases (24). 
The experiments discussed herein follow a logical sequence. 
First, tests were conducted using a straight, internally clear pipe. 
Tests ~!ith orifice plates followed and then a series of experiments 
with a bend in the pipe. Comparisons are then made between the 
latter two and the results for a clear pipe and the possible effects 
of the changes considered. 
B. Tests with Spark Ignition 
A series of tests were made with spark ignition of the gas mix-
ture in straight pipe. As was discussed in Detection Process, the 
electrical noise generated by the high voltage spark triggered the 
Gould digital storage oscilloscope prematurely. Therefore, tests 
with the spark plug were possible only \~ith short run-up lengths. 
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T~JO mean average velocities found were 99 ms-1 and 145 ms-1 for 1.45 
m and 2.45 m run-up lengths. 
A statistical comparison of these data using "Student's" t-test 
with the results for the same run-up length using fuse ignition shows 
that the mean average flame speeds for fuse ignition are greater 
than those for spark ignition with a confidence of greater than 99%. 
This difference could be due to the greater energy input of the 
igniferous fuses or perhaps due to the multiple point ignition from 
the fuse.as compared to the single point ignition of a spark. It 
is not possible, however, to derive any relation between the flame 
speeds without data for other run-up lengths. 
c. Flame Speeds at Various Run-up Lengths Using Fuse Ignition 
It is patently obvious from the flame speed data for various 
run-up lengths that the velocity increased as the run-up length , 
. -1 increased. The mean average flame speed lncreased from 208 ms to 
909 ms-1 over an increase in run-up length of 4.50 m. A simple plot 
of these data yields a curve, sho~m in Figure 6.1. However, the 
dependence of flame speed upon run-up length is better studied by a 
semi-logarithmic graph, which discloses a straight line through 
these point (Figure 6.2). 
Using a Texas Instruments TI-58 statistical software package, 
a best fit line was found with the following equation 
V = 10 exp ( 0.1912 L + 1.9940 ) EQN 6.1 
It is sometir.es necessary to consider the more conservative 
estimate in design. Therefore an upper bound line of one standard 
deviation above the other line can be defined by 
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v = 10 exp ( 0.1834 L + 2.1135 l EQN 6.2 
where V is the flame speed in ms-1 and L the run-up length in m. 
Both lines have correlation coefficients of greater than 98%. 
As was discussed in Theoretical Background, the reasons for the 
acceleration of flames in pipes have not yet been resolved. The 
experimental result show that the flame speed has increased Nith 
run-up length. There is some effect or effects within the pipe 
which has accelerated the flame. 
If, as ~Ias noted in Theoretical Background, the mechanism of 
acceleration of the flame is due to turbulence (macro- or micro-l, 
it would be logical to find evidence of turbulence, or more specifi-
cally, eddies in the records of the ionisation detectors. Indeed, 
these changes in ionisation are evident on the plots of ionisation. 
There are large swings in voltage recorded, indicating large 
changes in the ionisation of the combustion products and therefore 
in the'flame intensity. The size and rapidity of these changes 
indicate eddies of the type previously defined as macro-turbulent. 
Many of these changes occur in less than one millisecond, which 
combined ~Iith the large changes in ionisation, suggests that rapid 
eddies are present, changing the surface area of the flame. These 
changes are believed to affect the flame speed. 
It is not possible to discriminate micro-turbulent eddies from 
the ionisation records as the probes are too large to differentiate 
these small eddies. The signals. from the probes indicate the more 
gross signals from the macro-turbulent eddies only. 
In order to test for the effects of micro-turbulence, it would 
be necessary to use ionisation probes of a much smaller size or to 
use another method of detecticn, for example, hot \'Iire anemometry or 
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laser doppler detection. 
It is known that the relative roughness of a pipe affects the 
turbulent character of flow within it. In the case of a propagating 
flame. the changes are very complex. 
Ryabanin (18) observed that the detonation velocity was lower 
for rough pi pes than for smooth pi pes. i ndi cati ng that the ~!a 11 s of 
a pipe have a significant effect on flame propagation. Bauman et al 
(22) opined that wall effects on flame acceleration were negigible 
for tubes with diameters greater than one centimetre. but their 
studies were with Plexiglas (polymethylmethacrylate) tubes and not 
with metal pipe. The relative roughness and thermal conductivity of 
polymethylmethacrylate tube is much lower than that of steel pipe. 
Therefore. Bauman et al's conclusions do not apply to this study. 
To decide whether turbulence causes enhancement of the flame 
speed. it is necessary to conduct a series of tests where the level 
of turbulence could be varied in some measurable manner. 
It can be concluded that that flame speeds in pipes increase 
exponenti ally with run-up 1 ength. possi bly cue to turbul ent enhance-
ment of the flame propagation. 
D. The Effect of Orifice Plates on Flame Speed 
The orifice plate provides close to an ideal test for the 
effects of an obstruction in the pipe. It is of regular geometry. 
provides a constriction and expansion of flow. and the amount of 
blockage can be easily varied through use of orifices cf differing 
diameters. By changing the run-up length to the orifice. its 
effect at various flame speecs may be measured. 
Three series of tests were run with the four orifice plates 
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described in Experimental Apparatus. In .series one, there ~Ias a 
one metre run-up to the ori fice and the fl ame speed measured forty fi ve 
centimetres dOl·mstream. In seri es blO, the run-up ~Ias unchanged, 
but the flame s;:>eed was.measureci one hundred forty five centimetres 
downstream. In seri es three, there was a blo metre run-up to the 
orifice plate, with the flame speed measured forty five centimetres 
downstream. 
The results of the first series show that an orifice plate can 
increase the flame speed significantly over the flame speed of an 
unencumbered pipe. The mean average flame speeds measured after . 
orifice plates 2, 3, and 4 was greater than the mean average flame 
speed for a clear pipe ~Iith a confidence level of 99.5%. Orifice 
plate 1 cannot be said to have significantly, in the statistical use 
of the ~Iord, changed the flame speed. A plot of these data against 
the percentage of pipe blockage by each orifice plate can be seen' 
in Figure 6.3 
Interestingly, in the second series, the mean average velocities 
recorded after orifice plates 1 and 2 were less than the flame speed 
for a clear pipe. The flame speeds recorded after orifice plates 3 
and 4 tlere sl i ghtly greater than these of a cl ear pi pe. None of the 
results are significantly different than those of an unencumbered 
pipe. A plot of these data can be seen in Figure 6.4. 
In series three, the nean flame speed after orifice plate 1 
vias considerably lower than that for a clear pipe. A level of 90% 
confidence can be set that the mean average velocity after the 
orifice plate was lower than that of a clear pipe. This level of 
confidence can be taken as indicative although it is not considered 
statistically significant, (Figure 6.5). 
The mean average flame speed after orifice plate two was not 
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significantly different than that of an unobstructed pipe. The 
flame speeds after orifice plates 3 and 4 were greater than that ef 
a clear pipe with confidence levels of 90% and 95% respectively. 
Comparing the plotted data of series one and two (Figure 6.6), 
it is obvious that the mean average flame speeds measured after each 
orifice plate differ markedly between the series. Statistical 
analysis discloses that in each case, excepting orifice plate 1, 
there is very significant evidence to suggest that the mean average 
of flame speeds in series one is greater than those in series two. 
This comparison raises a perplexing point. The results of 
studies with clear pipes sho~/ed that the flame speed increased with 
run-up length. The comparison shO\~s that the flame has slowed. At 
first glance, this seems a contradiction. 'An understanding oLthis 
phenomenon requi res tha t the fl ui ci fl O~I of the combus t ion mi xture 
through the orifice plate be considered. 
i 
In a,very simple sense, the flow of a fluid through an orifice 
plate can be divided into four stages: the constriction of flo~1 in 
the approach to the orifice plate; the flow through the plate itself; 
the further constri ction of flow through the vena contracta at a 
distance of one half diameter downstream from the orifice; and the 
subsequent expansion of the flow. 
The first three stages involve compression of the f1o~1 along 
~lith an increase in velocity. It can be reasonably assumed that 
these changes increase the turbulence of the flo~:ing gas mixture. 
As previously discussed, this can enh~nce the flame speed. 
The floVl through the orifice itself will have t~:o effects. It 
will cause large eddies (macro-turbulence) and will stretch the 
flame front, thus increasing the surface area. 80th of these are 
considered to increase the flame speed. The flame will slo~1 s,ome-
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\~hat as the gases expand in the final stage of the passage through 
the orifice plate. 
Therefore,it is logical to assume that the orifice plate ~iill 
increase the velocity of a flame ~/hich passes through it. HO~/ever, 
the flame has then been observed to slow over the additional dist-
ance in the series two tests. This result is in accordance with 
~!:oen et al (28) who conclude that a flame is unable to maintain an 
augmented velocity without continued obstacles to provide flow field 
distortions and turbulence. Hence, the enhancement effect is un-
stable and the flame eventually reverts to the velocity expected for 
a clear pipe. 
It could be assumed that the flame speed just after the orifice 
is the same or greater than that recorded forty five centimetres 
downstream. Based on this, a model of how the velocity could change 
can be superimposed on a plot of flame speed against run-up length. 
, 
Determination of the exact shape of the curve requires further 
experimentation. 
Comparison of-the data from series one and three provides 
another unexpected result. The mean average flame speeds of series 
three are less than those of series one, excepting that of orif.ice 
plate 3. Given the assumption that an orifice plate enhances the 
flame speed for a short distance after it, the result of this comp-
arison is unpredicted. fJith a greater run-up, 'and hence greater 
flame speed before the orifice plate, the enhanced velocities' should 
be greater than those of series one. Nevertheless, in certain cases 
the velocity is below that expected for a given run-up length. 
It is ~:orth noting that the orifice plate ~/ith the greatest 
loss of flame speed is that one ~/hich presents the least blockage 
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of the pipe - orifice plate 1. It is also ~!orth remarking that the 
mean average flame speeds developed after orifice plate 1. in 
series one and three are very close. 
An interesting hypothesis can be derived from the observation 
in the 1 ast paragraph. Perhaps, there is soine reason why the f1 ame 
cannot move'more rapidly through orifice plate 1 - the critical 
velocity for the orifice. A calculation of an approximate critical 
velocity for the orifice yields a velocity of 260 ms- 1 assuming the 
fluid properties of air and a mean temperature of 1000oC. This 
value is not far different from the flame speeds measured after 
orifice plate 1 in series one and three. 
It can be further observed that the mean average velocities of 
flames after the other orifice plates, ~Jith greater blockages and 
subsequently lower critical velocities, are greatly in excess of 
the aforementioned figure. The rebuttal to this is the hypothesis 
that the combustion gases go trans-sonic through these other 
orifices. The other orifices 'create greater macro-turbulence in 
the gas mixture and therefore greater enhancement of the flame speed. 
Orifice plate 1 does not increase the turbulence sufficiently enough 
to cause the flame to accelerate past sonic velocity to a detonation. 
An additional factor to consider are the non-burning gases in 
advance of the flame front. Tne expanding flame forces a column of 
these gases in front of the flame. These gases must perforce move 
through the orifice. There is a frictional loss associated with 
this as there is no compensating acceleration caused by combustion. 
This frictional loss could explain the lack of increase in velocity 
bettJeen orifice plates 3 and 4. At some point, the frictional 
losses in velocity through the orifice begin to equal the enhance-
ment of the flame speed created by the orifice. Further, these 
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frictional losses are dependent upon the velocity at which the 
9ases approach the orifice plate. This cculd explain why the 
change in velocities from those of a clear pipe ~Ias so much more 
dramatic for series one than for series three. The ap~roach vel-
. ocity for the series three tests was much greater than that of 
series one. 
The 'conclusions from the tests ~Iith orifice plates can now 
be stated. Certain orifice plates enhance the flame speed. The 
increase. is not lasting and the flame speed' falls to a value which 
is in accordance \~ith predicted velocities for the length over" 
~:hich the flame has propagated. There is a certain blockage at 
which the increase in flame speed is limited by the critical velo-
city of the orifice. At blockages greater than that, the combustion 
gases undergo. a detonation through the orifice. The detonation is 
unstable and regresses into deflagration some distance after the 
orifice plate. f 
E. The Effect of Bends on Flame Speed 
Pipe bends of 900 were used with run-ups of one, two, and three 
metres to the bend and the flame speed measurement forty five centi-
metres thereafter in each case. Comparison of these data with the 
flame speeds for straight clear pipe \'Ias done by considering the 
run-up length to be the sum of the straight run-up length to the 
bend, the centre line length of the bend, and the forty five centi-
metres thereafter to the measurement pOint. The standard deviation 
of the flame speed of a straight clear pipe for that run-up length 
was taken to be the difference of values provided by EQN 6.1 and EQN 
6.2. The number of data used for calculation of the pooled standard 
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deviation was the number of data for the nearest experimental pOint 
found for straight clear pipe tests. This method t:as deemed to 
provide a reasonable idea of the mean average flame speed and its 
standard deviation for the equivalent run-up length in straight 
pipe to that of the pipe with a bend. Ideally, a length of pipe 
should be cut to equal the centre line length of the bend and a 
series of tests should be done using that as the basis of cOffiparison. 
The results of ccmparisons between straight pipe and the pipe 
with a bend are perplexing. The mean average flame speeds in the 
tests with 1.00 m and 3.00 m run-up to the bend are not significantly 
different from the results of tests with straight pipe. HOI';ever, 
the mean average flame speed found for the 2.00 m run-up to the 
bend was signifificant1y greater than the result for straight pipe. 
This difference could be due to the asymmetrical f1m'l created 
by the bend. This asymmetric flow would increase the surface area 
of the flame and hence its velocity. 
The change in flame speed for one run-up length and not the 
other tl'IO is baffling. It is possible that the statistical comp-
arison is invalid without data from the same runup length and not 
data derived from an empirical relationship. Then, too, the number 
of data for the three metre run-up to the bend is only four - a 
very small sample from which to dral'l inferences. 
Given the contradictory data, it is not possible to conclude 
that bends do or do not affect flame speeds. 
F. Error Analysis 
There were two major sources of error in the measurement of 
flame speeds undertaken in the experiments described - the error 
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of reading the distance beh/een the signals and electronic error 
which can be as~bed to the Gould digital storage oscilloscope. 
The reading error can be taken as 0.5 mm, allowing for the 
thickness of the line made by the x-v ~lotter and human error in 
reading the distance. Hith a distance of three centimetres between 
signals, this is an error of one part in sixty or 1.66%. 
Of course, the distance between the signals from the ionisation 
detectors varied and so the error is not constant. Ho~!ever, the 
timebase was altered for tests so that the maximum distance possible 
between the signals was maintained while being able to display both 
on the oscilloscope screen. 
The Gould Advance OS4000 Digital Storage Oscilloscope is rated 
for a maximum error of ±3%. This can be added to the typical error 
of measurement to provide an error in flame speeds of ±5%. 
I 
It has been assumed in the statistical analysis that the flame 
speeds are from a random population normally distributed about a 
mean. The question arises as to whether this assumption is valid. 
Little work on this question has been published. The most 
noteworthy paper is that of Stern, Laderman, and Oppenheim (34) who 
used a similar apparatus to the one discussed in (33). Their. 
detection process utilised ionisation sensors. They concluded that 
the scatter of data from such a detection process fits a Gaussian 
distribution such that the data represents a random sample of an 
infinite population and that such data are normally distributed 
about a mean. 
Given the conclusions of Stern, Laderman, and Oppenheim, it 
is reasonable to utilise "Student's" t-test to determine whether 
two mean average flame speeds are different. 
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CONCLUS IONS 
1. High speed flames of either deflagra"tion or detonation can be 
detected and the velocity measured using a 30V potential across 
each of tvlO ionisation sensors which are then linked into indi-
vidual channels of a digital storage oscilloscope. 
2. Flame speeds resulting from fuse ignition are significantly 
greater than those resulting from spark ignition. 
3. Flame speeds in pipes are exponentially dependent upon run-up 
length. 
4. Orifice plates increase the flame speed for some distance after 
the orifice plate. After this distance, the flame speed falls 
to a value in accordance with the predicted velocity for the 
length over which the flame has propagated. 
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RECOf-'.MENDATIONS FOR FURTHER RESEARCH 
1. Study the effects of runup lengths on flame speeds using a 
. 
smaller increment of length, say 0.25 m, and test with lesser 
and greater di stances used heretofore. ' The'addi tiona 1 data' 
could allow a more accurate model to be developed. 
2. Follow recommendation (1) with different diameters of pipe 
ranging from 10mm up to 25 cm. Study the differences (if any) 
between the flame speeds found at identical run-up lengths 
but different diameters. Ensure that a reasonable progression 
of diameters is studied so that the dependence of flame speed 
(if any) upon pipe diameter can be quantified. 
3. Follow both of the previous recommendations, but with spark 
ignition'instead of fuse ignition. To do this, use an oscill-
oscope or transient recorder with post-trigger'delay. The ,', 
data derived for pipes of differing diameters and various run-
up lengths could quantify the relation between spark ignition 
and fuse ignition beyond the conclusion that flame speeds 
resulting from fuse ignition are greater than those with spark 
ignition. If fuses of various energies are used, a model of 
flame speed and its possible dependency upon ignition energy 
could be formulated. 
4. Continue the testing of orifice plates using greater run-up 
lengths to study the critical velocity effect on flame speeds 
and to see if the enhancement of flame velocity is dependent 
on the flame speed at entry to the orifice plate. In these 
studies, increase the number of orifice plate diameters used 
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to more properly evaluate the effect of pipe blockage on the 
flame speed. The four diameters used herein provided t~ntative 
indications. In order that the questions that these results 
have posed be answered thoroughly, consider using a series of 
ten orifice plate diameters. 
5. If recommendation (4) is acted upon, then consider the effects 
of two or more orifice plates in series. Vary the distance 
between the two to see if the effect observed on the flame 
velocity just after the orifice plate is additive with more 
than one orifice plate. 
6. Consider in more detail the effects of bends on flame speeds. 
r~easure the flame speed both closer to and further away from 
the bend. Consider the effects of bends of differing radii. 
7. Having followed the previous recommendations for obstacles 
of regular geometry, consider the effects of objects of 
common use in pipes - valves, venturis, sudden expansions 
or contractions into pipes of different sizes. Only attempt 
such research if these configurations can be considered safe 
from explosion. 
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NOMENCLATURE 
m - metres 
ms-1 - metres per second 
v - volts 
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. APPENDIX A 
EXPERIf'lENTAL RESULTS 
" I: 
I 
I 
FLAHE SPEEDS AT VARIOUS RUN-UP LENGTHS 
Snark ionition - 1.45 rr. run-up lenath 
100 ms-1 
-1 80 ms 
-1 114 ms 
-1 
114 ms 
114 ms-1 
-1 89 ms 
100 ms- 1 
-1 
100 ms 
80 ms- 1 
-1 89 ms 
114 ms- 1 
-1 100 ms 
Spark ignition - 2.45 m run-up lenath 
133 ms- 1 
133 ms-1 
200 ms- 1 
-1 
114 ms 
Run-up Length 
1.45 m 
2.45 m 
Average Velocity Standard Deviation 
99 ms-1 13 ms-1 
145 ms- 1 37 ms- 1 
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Fuse ignition - 4.95 m run-up length 
820 ms- 1 
954 ms- 1 
1040 ms- 1 
632 ms- 1 
1100 ms-1 
Fuse ignition - 4.45 m run-up length 
800 ms- 1 800 ms-1 550 -1 ms 
880 -1 732 -1 732 -1 ms ms ms 
676 ms- 1 628 ms- 1 550 ms -1 
628 -1 732 -1 880 -1 ms ms ms 
Fuse ignition - 3.95 m run-up length 
-1 I -1 -1 628 ms 418 ms 550 ms 
367 -1 302 -1 ms ms 
732 ms- 1 630 ms- 1 
352 ms -1 550 ms -1 
Fuse ignition - 3.45 m run-up length 
352 ms- 1 366 ms- 1 518 ms-1 
518 ms -1 586 ms- 1 
550 ms- 1 586 ms- 1 
628 ms- 1 488 ms- 1 
-54-
550 ms-1 676 ms-1 
732 -1 ms 
976 ms -1 
800 -1 ms 
-00-
Fuse ignition - 2.95 m run-up length 
420 ms- 1 240 ms- 1 338 ms- 1 
-1 -1 I 400 ms 258 ms I 
346 ms- 1 352 ms- 1 11 I 
-1 -1 ! 416 ms 232 ms 
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Run-up Length Average Velocity Standard Deviation !; 
4.95 m 905 ms- 1 187 rr.s- 1 
4.45 110 723 ms-1 127 ms-1 
3.95 m 5D3 ms- 1 149 ms-1 
3.45 m 510 ms -1 95 ms-1 
2.95 m 324 ms- 1 77 ms-1 
2.45 m 292 ms -1 94 ms -1 
1.95 m 213 ms -1 57 ms -1 
1.45 m 209 ms-1 52 ms- 1 
I 
~ ! 
FLAME SPEEDS AFTER ORIFICE PLATES 
Orifice Plate 1 - Series One 
162 ms- 1 176 ms- 1 
200 ms -1 294 ms -1 
220 ms -1 274 ms- 1 
176 rr.s -1 258 ms -1 
Orifice Plate 3 - Series One 
440 ms- 1 
232 ms- 1 
-1 352 ms 
274 ms-1 
550 ms-1 
-1 366 ms 
-1 -1 366 ms 294 ms 
Orifice Plate Average Velocity 
1 220 ms -1 
2 342 ms -1 
3 359 ms -1 
4 376 ms -1 
Orifice Plate 2 - Series One 
326 ms-1 382 ms-1 400 ms-I. 
366 ms -1 -1 -1 176 ms 462 ms 
258 ms-1 294 ms-1 
338 ms -1 418 ms -1 
Orifice Plate 4 - Series One 
304 ms-1 440 ms-1 
440 ms-1 
-1 
314 ms 
382 ms -1 
Standard Deviation 
50 ms- 1 
83 ms -1 
100 ms -1 
65 ms -1 
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Orifice Plate 1 - Series Two 
232 ms- 1 
-1 240 ms 
-1 254 ms 
-1 186 ms 
390 ms- 1 
-1 220 ms 
-1 300 ms 
Orifice Plate 3 - Series Two 
328 ms- 1 287 ms -1 328 ms -1 
213 ms-1 328 ms- 1 
241 ms- 1 264 ms-1 
365 ms -1 315 ms -1 
Orifice Plate 2 - Series Two 
180 ms-1 
-1 
240 ms 
-1 
382 ms 
-1 300 ms 
292 ms-1 
-1 
293 ms 
Orifice Plate 4 - Series 
-1 
268 ms 313 ms-1 
341 ms -1 
278 ms-1 
340 ms -1 
Two 
Orifice Plate Average Velocity Standard Oeviation 
1 260 ms-1 67 ms-1 
2 281 ms -1 67 ms -1 
3 296 ms -1 49 ms -1 
-1 -1 4 313 ms 33 ms 
-:;8-
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Ori fi ce Pl ate 1 - Series Three Orifice Plate 2 - Seri es Three 
286 ms- 1 221 ms- 1 268 ms- 1 251 ms- 1 
207 ms- 1 191 ms- 1 224 ms -1 325 ms-1 
163 ms -1 386 ms -1 
Orifice Plate 3 
- Seri es Thref! Orifice Plate 4· 
- Series Three lil 
·1 
il 
-1 -1 
-1 -1 I, 474 ms 319 ms 346 ms 346 ms 11 
I 461 ms- 1 284 ms- 1 -1 391 ms i 
345 ms- 1 360 ms-1 
Orifice Plate Average Velocity Standard Deviation 11 
11 
-1 
-1 :1 1 213 ms 45 ms 'I, 
2 291 ms- 1 65 ms-1 
3 376 ms-1 8C ms- 1 I 
4 361 ms -1 21 ms-1 I 
" 
1 
I 
FLAflE SPEEDS AFTER BENDS 
One metre run-up to bend 
176 ms- 1 190 ms-1 
220 ms-1 192 ms-1 
180 ms-1 352 ms-1 
110 ms-1 
Three metre run-up to bend 
346 ms- 1 
848 ms-1 
942 -1 ms 
424 ms-1 ! 
Run-up length 
1.00 m 
2.00 m 
3.00 m 
to bend 
Two metre run-up to bend 
258 ms- 1 302 ms- 1 
976 ms- 1 586 IT.s- 1 
418 ms- 1 628 ms-1 
254 ms-1 800 IT.S -1 
440 ms- 1 
Average Velocity Standar.d Deviation 
203 ms-1 74 ms- 1 
518 ms- 1 251 ms-1 
640 ms- 1 298 ms- 1 
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STP.TISTICJl.L Cor~PARISONS 
All tests quoted herein are "Student's" t-tests. 
Comoarison between series one and clear piDe 
Orifice Plate 
1 
2 
3 
4 
t value 
0.4218 
4.0323 
3.6979 
4.7236 
degrees of freedom 
14 
16 
14 
11 
Comparison bet~/een series two and clear pipe 
Ori fice Plate t value degrees of freedom 
1 0.7656 14 
2 0.2569 13 
3 0.1159 16 
4 0.5870 13 
Comparison between series three and clear pipe 
Orifice Plate t value degrees of freedom 
1 2.0060 12 
2 0.1042 12 
3 1.6600 12 
4 1.9782 12 
-bl-
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Comoarison between spark iGnition and fuse icnition 
Run-up length 
1.45 m 
2.45 m 
t value 
5.4470 
3.8489 
degrees of freedom 
18 
11 
Comparison between results with bends and straiGht pipe 
Run-up to bend t value degrees of freedom 
1.00 m 0.2795 13 
2.00 m 2.3772 16 
3.00 m 1.1382 12 
I 
i! 
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APPENDIX B 
SAt·1PLE CALCULATIONS 
I 
SAMPLE CALCULATIONS 
Referring to Figure 4.2, the distance between the two changes in 
potential when divided by'the'scale'distance provides the time 
that the flame took to pass·.between the sensors. Dividing the 
di stance· between' the sensors by that time gives' the average . 
velocity over that distance. 
Distance between the sensor traces 
Distance for one cycle 
Distance between the sensors 
2.50 cm 
-3 4.50 cm/IO s 
0.20 m 
Flame· Speed = 0.20 m / ( 2.50 cm/(.4.50 cm/10-3s )) 
Flame Speed = 360 ms- l 
! 
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"Student's" t-test comparison between orifice plate 1 - series one 
result and the result for the same run-up with unencumbered pipe. 
209 ms-1 -1 n = 7 (clear pipe) -x: = ° = 52 rr.s 1 
x2 = 220 ms- 1 -1 n = 8 (orifice plate) ° = 65 ms 
IX1 - ")("21 
2 , 2 
'0- d 
t = = (_ l. 2)~ 0p -+-
0p n' n2 1 
t 
1209 - 2201 52
2 652 k (_ +_)2 = 
0p 
t = 0.4218 
0p = 
7 8 
this value is only significant at 65% (0.1280) 
with 14 degrees of freedom 
--b!J-
11 
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The critical velocity for an orifice plate is dependent upon a 
number of parameters - pressure, temperature, area and others. 
Perry's.handbook offers a formula which can be used for compress-
ible fluids over a range of orifice sizes 
I,' -
'max -
13.533 CAp 
T> 
then Hmax = 13.6613 1 b/sec 
v/here 
T = lQQQoC or 22920R 
p = 313 psia or 43213 psfa 
C = 13.63 (a constant derived from 
a graph in Perry's 5-13) 
A = 2.18 x 113-2 ft2 
from the ideal gas law, it is known that 
H P where Z = 1.1313134 
p = 
/ 113.72 Z T P = 313 psia 
M = 28.84 
p = 13.13313 lb(ft3 T = 22920 R 
Volume flow = 
p 
Volume flow 
= 863 ft/s or 263 ms- 1 Velocity = 
Area 
The pressure used assumes a pressure before the orifice of 1.1 bar, 
considering that a peak pressure of 1.37 bar was recorded for a run-
up length of 4.45 m with a flame speed of 9139 ms- 1 ( in the detonat-
ion range of velocity and hence with a higher pressure). The temp-
erature was assumed to be lQQaoC. or 2292oR. 
!I 
'I 
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APPENDIX C 
EXPERH~ENTAL APPARATUS 
I:' 
" li 
I' I, 
/: 
MEASURE11ENTS OF ORIFICE PLATES 
Orifice Plate 4 
3.582 cm . 
3.580 cm 
3.582 cm 
3.582 cm 
mean average - 3.581 cm 
Orifice Plate 2 
4.348 cm 
, 
4.350 cm' 
4.348 cm 
4.350 cm 
mean average - 4.349 cm 
Orifice Plate 1 - 79.7% pipe area 
Orifice Plate 2 - 64.6% pipe area 
Orifice Plate 3 - 53.1% pipe area 
Orifice Plate 4 - 43.5% pipe area 
, Orifice Plate 3 
3.944 cm 
3.946 cm 
3.946 cm 
3.944 cm 
mean average·- 3.945 cm 
Orifice Plate I 
4.834 cm 
4.834 cm 
4.830 cm 
4.832 cm 
mean average - 4.832 cm 
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